We report the results of electrical resistivity, magnetic and thermodynamic measurements on polycrystalline SnSb, whose structure consists of stacks of Sb bilayers and Sn4Sb3 septuple layers along the c-axis. The material is found to be a weakly coupled, fully gapped, type-II superconductor with a bulk Tc of 1.50 K, while showing a zero resistivity transition at a significantly higher temperature of 2.48 K. The Sommerfeld coefficient and upper critical field, obtained from specific heat measurements, are 2.29 mJ mol −1 K −2 and 520 Oe, respectively. Compositional inhomogeneity and strain effect at the grain boundaries are proposed as possible origins for the difference in resistive and bulk superconducting transitions. Our results provide the first clear evidence of superconductivity in a natural superlattice derived from a topological semimetal.
I. INTRODUCTION
Recently, superconductors derived from topological materials have attracted a lot of attention because of their potential as topological superconductors that are useful in fault tolerant quantum computing [1] [2] [3] . A common strategy to look for such kind of superconductors is to dope topological (crystalline) insulators 3 , which increases the carrier concentration and induces superconductivity (SC). Prominent examples include A x Bi 2 Se 3 (A = Cu 4,5 , Sr 6 , Nb 7 ), and Sn 1−x In x Te 8, 9 . On the other hand, it has been shown that natural superlattice structure can be used to tailor the properties of topological materials by changing the constituent building blocks 10 . For instance, Sb 2 Te, which is composed of [Sb 2 ] bilayers and [Sb 2 Te 3 ] quintuple layers, exhibits significantly different surface and bulk band structures from both the topological insulator Sb 2 Te 3 and the topological semimetal Sb 11 . In this context, it is of interest to see whether similar superlattices without intentional doping can support SC.
SnSb is one of the stable binary phases at room temperature in the Sn-Sb system 12 , and has been studied intensively as an anode material for (Li/Na)-ion batteries over the past two decades [13] [14] [15] [16] . Initially, the material was reported to form a rhombohedrally distorted rocksalt-like structure 12 . Until recently, an incommensurate modulation is found along the c-axis 17 , and the structure of SnSb can be viewed as intercalation of Sn layers between adjacent Sb layers, leading to stacking of [Sb 2 ] bilayers and [Sn-Sb-Sn-Sb-Sn-Sb-Sn] septuple-layers shown in Fig. 1 18 . Notably, it was mentioned in a paper by Geller and Hull in 1960s that SnSb is a superconductor with two superconducting transitions, although no experimental data were given 19 . In addition, to our knowledge, no subsequent studies have been performed to confirm these findings, and hence the nature of SC in SnSb remains unclear.
In this paper, we present a comprehensive study of the physical properties of SnSb. It is found that the material is an n-type metal in the normal state, and undergoes a transition to zero resistivity at 2.48 K. However, magnetic susceptibility and specific heat measurements indicate that bulk SC is established at a considerably lower temperature of 1.50 K. Furthermore, the electronic specific heat jump of SnSb follows a weak coupling BCSlike behavior, pointing to a fully gapped superconducting state. The normal-state and superconducting parameters are extracted, and the origin of two superconducting transitions is discussed.
II. EXPERIMENTAL
Polycrystalline SnSb samples were synthesized by using a two-step method. High-purity shots of Sn (99.99%) and Sb (99.999%) with the stoichiometric ratio of 1:1 were melted in sealed evacuated quartz tube at 900 o C for 48 h with intermittent shaking to ensure homogeneity, followed by quenching into cold water. The resulting ingot was then annealed at 320 o C for another 48 h, and finally quenched into cold water. The purity of the sample was checked by powder X-ray diffraction (XRD) using a PANalytical x-ray diffractometer with a monochromatic Cu-K α1 radiation at room temperature. The electrical resistivity was measured using a standard four-probe method. Resistivity, Hall coefficient and spe- cific heat measurements down to 1.8 K were performed on a Quantum Design PPMS-9 Dynacool. Specific heat measurements down to 0.5 K were preformed on a Quantum Design PPMS-9 Evercool II. The two sets of specific heat data agree well within 5% in the overlapped temperature range. The dc magnetization down to 0.4 K was measured with a commercial SQUID magnetometer (Quantum Design MPMS3).
III. RESULTS AND DISCUSSION
A. Crystal Structure Figure 2 (a) shows the XRD pattern of the SnSb sample at room temperature, together with structure refinement profile using the JANA2006 program 20 . All the diffraction peaks can be well fitted with the (3 + 1)-dimensional superspace group R3m(00γ) (No.166.1), where γ = 1.315 is the modulation q-vector component. As exemplified in Fig. 2(b) , first-order satellite reflections due to the incommensurate modulation are clearly visible between the strong peaks of the R3m average structure. The refined lattice parameters are a = 4.331(2)Å and c = 5.352 (2) A in the hexagonal setting, or a = 3.072(1)Å and α = 89.65
• in the rhombohedral setting. Note that the α angel is very close to 90
• , hence the structure of SnSb deviates only slightly from the cubic symmetry. These results are in good agreement with previous reports 12, 17, 18 , and demonstrate high sample quality. It is pointed out that the structure of Sb can also be described by the R3m(00γ) space group with γ = 1.5 18 . Moreover, Sn is just before Sb in the periodic table, hence a strong spinorbit coupling is expected in SnSb. Taken together, it is • and 53
• , showing the satellite diffraction peaks due to the incommensurate structural modulation.
tempting to speculate that SnSb and Sb have a similar topological character.
B. Resistivity and Hall coefficient
The main panel of Fig. 3(a) shows the temperature dependence of resistivity (ρ) for the SnSb sample under zero field. The ρ value at room temperature is ∼28 µΩ cm, which lies in between that of pure Sn and pure Sb 21 . With decreasing temperature, ρ decreases linearly down to ∼50 K and then varies as T 2.4 at lower temperature, which is typical of a normal metal. Nevertheless, the low residual resistivity ratio (ρ 300K /ρ 3K ) of ∼2.6 suggests the presence of significant disorder scattering, likely due to antisite occupation between Sn and Sb. On further cooling below 2.8 K, ρ drops rapidly to zero, evidencing a transition to the superconducting state [inset of Fig. 3(a) ]. Here we define T ρ c = 2.48 K as the temperature corresponding to the midpoint of the resistive drop. On the other hand, as shown in Fig. 3(b) , the Hall resistivity depends linearly on the magnetic field, and the corresponding Hall coefficient is negative and nearly tem- perature independent. These results are consistent with the metallic character of SnSb, and identify electrons as the dominant carriers. Assuming a one-band model, we obtain an electron density of 1.9 × 10 22 cm −3 at 1.8 K.
C. Magnetic susceptibility and magnetization
Figure 4(a) shows the temperature dependence of the magnetic susceptibility χ measured in both zero-field cooling (ZFC) and field cooling (FC) modes with an applied field of 4.8 Oe. Here the demagnetization effect is taken into consideration assuming sphere-shaped grains with the demagnetization factor N d = 1/3. A diamagnetic signal is observed in both χ ZFC and χ FC , and its onset temperature ∼2.9 K is very close to that of the resistive transition. Below 2.5 K, a divergence is present between the ZFC and FC curve, indicating the presence of trapped flux. On closer examination, it is noted that the diamagnetic transition is rather broad at the beginning, leading to a low shielding fraction of 9.3 % at 1.7 K [inset of Fig. 4(a) ]. With further decreasing tempera- ture, however, both ZFC and FC data show a steep drop and become nearly flat below 1.3 K, which correspond to shielding and Meissner fractions of 106% and 48%, respectively. Note that the linear interpolation of this strong diamagnetic signal intersects with the baseline at 1.66 K, which is one-third lower than T ρ c . This strongly suggest that the zero resistivity transition is not of bulk nature, as will be shown below. Fig. 4(b) shows the field dependence of magnetization (M ) of SnSb at 0.4 K. The data exhibits a small hysteresis loop, which corroborates that SnSb is a type-II superconductor with weak pinning. As can be seen in the inset, the initial magnetization curve is linear, as expected for a Meissner state. The lower critical field B c1 can be estimated from the deviation of the linearity, which gives the effective B * c1 (0) ≈ 8 Oe. After corrected by the demagnetization factor,
Oe is obtained. Figure 5 summarizes the results from the specific heat (c p ) measurements for SnSb. As can be seen in Fig. 5(a) , c p varies smoothly across T ρ c while exhibits a sharp jump at ∼1.6 K. With increasing field, the specific heat jump shifts towards lower temperature and becomes broadened, consistent with a superconducting transition. At 500 Oe, the anomaly is almost suppressed, and the data can be analyzed by the Debye model c p /T = γ n + β 3 T 2 + β 5 T 4 , where γ n and β i (i = 3, 5) are the electronic and phonon specific-heat coefficients, respectively. The best fit to the data below 3 K yields γ n = 2.29 mJ mol Figure 5 (b) shows the normalized electronic specific heat C el /γ n T at zero field after subtraction of the phonon contribution. The result further confirms the absence of a specific heat anomaly corresponding to the resistive transition. More importantly, it turns out that the C el /γ n T jump can be reproduced by the BCS theory 22 , especially at low temperature region, and the entropy balance determines the bulk superconducting transition temperature T bulk c = 1.50 K. This suggests that SnSb is fully gapped with a conventional s-wave pairing symmetry and a zero temperature gap value ∆(0) = 0.22 meV. Nevertheless, since the data is limited to T /T bulk c 0.34, the possibility of multiband SC with a very small gap in one of the bands cannot be ruled out. Therefore, c p measurements at lower temperature would be necessary to draw a more concrete conclusion.
D. Specific heat
Assuming a phonon mediated pairing mechanism, the electron-phonon coupling constant, λ ph , can be calculated by the inverted McMillan formula 23 ,
where µ * is the Coulomb repulsion pseudopotential. With an empirical value of µ * = 0.13, λ ph =0.52 and 0.58 are obtained for T , respectively, which implies that SnSb is a weakly coupled superconductor. In addition, since γ n is related to the bare density of states N (0) at the Fermi level through the relation γ n = γn (mJ mol
states/eV per formula unit.
E. Superconducting parameters Figure 6 shows the magnetic field-temperature phase diagrams determined from resistivity and specific heat measurements. Here the resistive-transition criterion for T c under different fields is the same as that at zero field (see the inset). Using the Werthamer-HelfandHobenberg (WHH) thoery 24 , the upper critical field B c2 can be extrapolated to zero temperature, which gives B Table I .
F. Origin of two superconducting transitions
From the above results, it is clear that there exists two superconducting transitions at T ρ c = 2.48 K and T bulk c = 1.50 K in SnSb, respectively. This is in agreement with the previous report 19 , although the two T c values are slightly higher in the present case, which is likely due to the different sample preparation conditions. We emphasize that since no additional peaks are observed in the XRD data, the SC at T ρ c is unlikely due to a secondary phase with different structure. Actually, this marked difference between T . Note that the small γ n value of SnSb is indicative of a weak electron correlation, which precludes the formation of a textured superconducting phase due to a competing order 31 . Instead, two possibilities are considered here. One possibility is that the existence of two superconducting transitions is due to the micro-phase segregation with a spread in the Sn/Sb ratio, which has been observed in long-term annealed SnSb samples 17 . These offstoichiometric regions usually have a characteristic length of a few hundred µm or smaller and a very similar structure to SnSb 12 , and thus are difficult to distinguish by the XRD measurements. Although a much shorter annealing time is adopted in the present study, it is possible that these inhomogeneous regions are already present, which is responsible for the resistive transition at T ρ c , as in La 3 Rh 4 Sn 3 29 . Nevertheless, the magnetic susceptibility results indicate that, such regions, if they exist, occupy less than 13% of the entire sample volume. Hence their presence has no practical effect in determining the intrinsic properties of SnSb.
Another possibility is that the zero resistivity transition results from the strain effect at the grain boundaries. It is prudent to note that SnSb is not a line compound 12 , and hence rapid quench is necessary to retain the phase to room temperature. During this process, it is expected that the grain surface cools faster than the interior, which leads to the development of strain at the grain boundaries. This may result in the increase of density of states and/or phonon softening, and consequently an enhanced T c . Note that the grain boundaries constitute a small fraction of the sample, yet they are connected to form a continuous superconducting path, as observed experimentally. In this respect, high pressure study and epitaxial film growth of SnSb, which may favor a higher T c , will be of interest in future.
IV. CONCLUSION
In summary, we have studied the electrical transport, magnetic and thermodynamic properties of SnSb, which confirms the occurrence of SC in this natural superlattice phase. It is further shown that the material a bulk type-II superconductor below 1.50 K with a BCS-like gap. Nevertheless, the zero resistivity transition takes place at a considerably higher temperature of 2.48 K, which may be attributed to the compositional inhomogeneity or stain effect at the grain boundaries. Since SnSb can be regarded as a close relative to the topological semimetal Sb, further theoretical and experimental studies are called for to assess the potential of this natural superlattice as a topological superconductor.
